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SECTION 1
INTRODUC TION AND SUMMARY

1.1 INTRODUCTION

Since the announc ement In 1965 of the synergistic effects of antimony

trioxide on the lubricant properties of molybdenum disulfide solid film lubri-

cants , little development has been directed toward identification of superior

lubricant systems. Instead , MoS 2 - Sb 2O3 mixtures have been thoroughly

exploited f rcm an eng ineering approach , that Is , work has been concentrated

on utilization and application of MoS 2-Sb 2O3 solid lubricants.

At the present time, it appears that any significant advancement in

solid film lubrication technology is dependent upon the development of new

lubricant-additive systems or the identification of additives which, when

added to MoS2, give rise to friction and wear characteristics superior to

those currently available with MoS 2-Sb 203 lubricants. In light of the vast

knowledge regarding solid film lubricants , it is highly unlikely that a new

lubricant-additive system would be found superior to those based on MoS2.

The limited number of investigations regarding synergistic additives to

MoS2 does, however, present a possibly fruitful approach.

The current investigation Is directed towa rd Identification of the

mechanism or mechanisms by which additions of Sb203 enhance the lubrica..

tion properties of MoS2 solid film lubricants. The approach being taken

includes examination of possible chemical, mechanical, and mixed chemical-

mechanical effects.

1.2 SUMMARY

Investigation s of possible chemical reaction between MoS2 and Sb203
were conducted using thermogravimetric ana lysis. Results of thi. study

showed distinct evidence of chemical Interaction. Thermograms of MoS2/

~~z03 mixture. showed significantly lower weight losses at 500°C and 600°C

1
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than that predicted for simple mixtures of the two materials. Additionally,
a small weight gain was observed prior to weight loss. Thi s was not observed
in the pure materials.

The possible formation of MoS
2-Sb203 compounds showed no chemical

reaction occurring at temperatures up to 540°C. X-ray diffraction data

showed MoS 2 to be oxidized to MoO3 and 51 203 to be oxidized to Sb204 .
Lattice constant determinations showed little solubility of Sb 204 in MoO 3 or
of MoO3 in S1 2O4. Sb 203 additions did, however, promote the sintering of
MoO3 during oxidation.

Mechanical effects of Sb203 on MoS2 were observed in pellet test studies.

~
3203 was observed to promote the pressing characteristics of the pellets.

Much lower forming pressures were required for Sb 2O3-bearing pellets.

Additionally, pellets could not be formed at high pressures.

Studies of burnished pellets showed the surface of Sb203 containing
pellets to be significantly different than those of pur e MoS2. Additionally,

studies of the sulfur content on the burnished surface was observed to be

anomnolously low in Sb203/MoS2 mixtures.

2
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SEC TION II

REVIEW OF LITERATUR E

Historically, the most important solid film lubricants have been graphite

and molybdenum disulfide. These materials have been used both as solid, dry

film lubricants and as additives in hydrocarbon based lubricants. The litera-

ture pertaining to the mechanisms of solid lubrication, factor s affecting

lubrication properties and the applications of graphite and molybdenum disul-

fide as solid lubricants is extensive. Excellent review articles of solid lubri-

cants have been published by Winer~~ and by Camnpbell~~~.

Perhaps it is only appropriate that the first reports of synergistic

behavior in solid lubricants concerns additions of graphite to MoS2~
3’ 4)~

In 1961 Devine, Lamson, and Bowen~
5
~ used MoS2 and graphite mixed with

sodium silicate to form a bonded solid film lubricant for high speed ball bear-

ing applications. Their investigations clearly showed a mixture of nine parts

MoS2 and one part graphite to exhibit superior lubrication characteristics

when compared to 100% MoS 2 . The optimum composition resulting from

their work consisted of 71 weight percent MoS2, 7 weight percent graphite,

and 22 weight percent sodium silicate.

Kay~
6
~ found a 10 weight percent addition of graphite to MoS2 markedly

improved the lubricity of MoS 2 when tests were conducted at high humidity.

H owever , Kay also points out that the substrate metals being lubricated played

a much more important role in lubricative properties of the film than did the

composition of the film itself .

The first report of nonlubricant additives giving rise to a synergistic

enhancement of lubricant properties was the work of Haitner and Oliver~~~.

They reported the critical parameter in solid film lubrication to be the estab-

lishment of a well formed lubricant film on the substrate. An addition of ten

weight percent of stannic sulfide was observed to enhance the film forming

3
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characteristics of MoS 2. Subsequent investigation of other sulfide additives

revealed several other compounds to synergistically increase the load carry-

ing capacity of their studies (Table 1).

According to the authors , the behavior of these sulfide additions was

observed to resemble that of extreme pressure additives used in liquid lubri-

cants and, as such, their behavior was attributed to a chemical effect.

Chemical analysis of the tested films indicated that the effective additives

were more highly concentrated in the rubbed films than in the pellets used to

establish the transfe r films. in addition , it was observed that the most effec-

tive additives were those of lowest thermodynamic stability.

Lancaster~
8’ ~~, in part , disputes the findings of Haltner and Oliver~

7
~.

In investigating the effects of substrate surface finish on MoS
2 
lubricants,

Lancaster concludes that in the instance of relatively rough surfac e finishes ,

the transfer film is established and bonded to the substrate primarily by

mechanical means, specifically, through the pen etration of the metal by the

relatively hard edges of lamillar lubricants. In the course of his investiga-

tions he made 10 weight percent additions of stannic sulfide to MoS2 and ,

in the case of rough surface fin ished subs trates , found no enhancement of the

film forming characterist ics of the MoS2. He does concede , however , that

in the case of highly polished substrates, chemical rather than mechanical

mechanisms for film formation may be more significant and as such, SnS2
may enhance the lubricating properties of MoS 2.

(10)In 1965, Calhoun, et al. presented a summary of more than twelve

years of research on solid lubricants carried out at Rock Island Arsenal. In

their efforts to improve and understand solid lubricants they selected a bonded

solid film lubricant consisting of 66 weight percent MoS 2, 19 weight percent

syn thetic graphite and 15 weight percent epoxy- phenolic r esin as a “ control11

lubricant. Among their findings was that natural graphite , when substituted

for synthetic graphite, resulted in a 47 percent improvement in wear life.

4
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More important ly, it was found that the addition of various nonlubricant

compounds to the formulation led to enhanced wear behavior. Results  of

these preliminary studies are shown in Table 2.

Pursuing their investi gation of synergistic additives in solid lubricant s,

it was found that the appropriate addition of antimony tr ioxide to the MoS2
bonded lubricant , with or without the graphite constituent, resulted in Falex

wea r life 105 percent better than the base formulation.

As a result of these studies. G. P. Murphy and F. S. Meade~ 
11) we re

gra nted U. S. Patent 3, 223, 636 in which several resin bonded solid lubricants

were claimed. The essential constitu ents of these lubricants were MoS 7 and

Sb 203. The composition of the lubricant pigments varied from 70 to 74 wei ght

percent MoS2 and 30 to 26 weight percent Sb 203.

TABLE 2

EFFECTS OF ADDITIV ES ON FALEX WEA R LIF E
OF SOLID FILM LUBRICANT *

Conc ent ration of Additive
5% 20~~

Additive To Improvement ~ Improvement

Ag (powdered) 3 -14

I~~ (powdered) 3 11

Sn (powdered) 3 - 4

~~ O -10 24

~~ 203 
20 29

B~2O3 
22 - 1

MnCL 2•4 H 20 4 58

CdI 2 
5 24

ZnSO4 
12 36

BN 18 27

* Wear life of base formulation ~ 146 mInutes.

6
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Since the reports of Haitner and Oliver and of Calhoun and his colleagues,

little has been published regarding identification of new synergistic additives

for MoS2 solid film lubricants. The majority of the studies since 1965 have

centered on improvement of bonded solid fi lm lubricants and on optimization

of MoS2 to Sb 2O3 ratios and lubricant binder ratios.

Resin bonded lubricants have received the most attention with efforts

directed toward increasing both wear life of the lubricant and the high tem-

perature stability of the resin. Sinc e the use of epoxy phenolic resins by
(II )  . . (12 — 15) . (16, 17)Calhoun, et al. , polyimide , polybenzothiazole (PB T)

(18, 19) . (20,21,22)po) ybenzimidazole(PB 1) , and methyl phenyl polysiloxane

have received considerable attention as bonding resins for MoS 2-based solid

film lubricants.

Two polyimide bonded solid lubricants were developed by Campbell and

Hopkins~~
2
~. The first formulation, designated MLR- 1, consisted of a MoS2

to Sb 2O3, weight ratio of 3 to 1 and a lubricant-to-binder ratio of 78. 8 to 21. 2

by weight. The second formulation, designated MLR- 2, consisted of a MoS2
to Sb2O3 weight ratio of 1 to 1 and a lubricant to binder ratio of 2 to I by

weight. Evaluation of these formulations was determined with both Falex and

dual- rub shoe test devices. MLR- 2 was observed to exhibit superior wear

properties at room temperature and at •temperatures up to 600°F (3 16°C).

LingU 3)  used MLR- 2 in a study of substrate surface roughness of
(14)friction and wear life. Hopkins and Campbell used MLR-. 2 in their study

of the effect of lubricant film thickness on wear life.

(15)In 1969, Hopkin s and Campbell reported the results of evaluations of

wear life tests conducted on numerous bonded solid film lubricants. Tests

were conducted using the Falex tester , pellet tester , and a journal -bearing

test apparatus. Among the compositions tested were several MoS 2-grap hite

mixtures, a MoS2-Sb 203-epoxy/phenolic mixture and MLR - 2. Results of

their evaluation showed no clear indication of superior friction and wear

properties for the MoS2-Sb203 based lubricants. The MLR - 2 formulation

7 
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was superior only In the case of the wear life test conducted on the pellet

teeter but this most likely is a resu lt of the polyimnide resin binder rather

than of the MoS
2~

Sb
~
O3 lubricant. Friction test data indicate slightly lower

friction coefficients at a temperature of 400 F (20 4 C).

(16) (17)McConnell and Benzing and McConnell reported the use of poiy-
beneothiazolee as binder s for high temperature solid lubricant applications.
Lubricants evaluated In their work included MoS2, WS 2, TaS2, and graphite.

Lubricant additives included ZnO, T10
2. ZnSO

4
, MnCL 2, Li0

2
, and Sb

2
O
3
.

MoS2 was clearly shown to be the superior lubricant pigment in single lubri-

cant screening tests conducted on the Falex teeter. A MoS2 to binder ratio

of 3 to 1 by weight was shown to be optimum. Interesting ly, the addition of

Sb 203, ZnO, graphite, T102, AnSO4, MnC12, and LiO to the base MoS2
lubricant resulted In reduced wear life. This Is contrary to past reports

regarding the synergistic enhanc ement of wear life resulting from additions

of Sb203 and graphite.

Results from the preliminary screening of mixed lubricants Indicated

the best formulation to be 75 weight percent MoS2 and 25 weight percent Sb203
and a lubricant to binder ratio of 3 to 1 by weight. It was also found that a

mixture of 2 parts MoS2 and I part ZnO mixed 3 to 1 with the polybenzothiazole

yield excellent wear life characteristics.

Hubbell and McConnell ~~8) 
reported the use of polybenzimidazole as a

high temperature solid lubricant binder. The lubricant used consisted of 55

weight percent MoS 2 and 45 weight percent Sb203. Wear-life studies were

conducted to determine the optimum lubricant to binder ratio. At room tem-

perature it was found that formulations containing 23 weIght percent and 45

weight percent yield equal performance. When tested at elevated temperatures ,

the 23 weight percent polybenzimidazole was clearly the opt imum formulation.

U. S. Patent 3, 721 .625 was granted to McConnell , Lavik and Campbell~
19

~
for the polybenzlmidazole bonded solid lubricants.8
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(20) . (21)Benzlng, McConnell, and Clow , Benztng and McConnell , and

Benzing, Hopkins and Petronio~
22
~ reported on extensive research in developing

a polysiloxane, methyl-phenyl- polysiloxane, as a potential room tempe ratur e

curing binder for potential application in bonded solid film lubricants. The

results of lubricant formulation studies~
20

~ showed lubricants containing MoS2
to Sb203 ratios of 1 to 1 or 3 to 2 were the preferred lubricant pigment formu-

lations and that lubricant to binder volume ratios between 60 to 40 and 85 to

15 ware preferred.  One composition, designated AFSL-41 , containing a

MoS 2 to Sb 203 wei ght ratio of 3 to 2 and a lubricant to binder volume ratio of

70 to 30 was found to exhibit the best overall properties. Bi 203 and ZnO

were also observed to result in increased wear-life performance.

The curing process was also shown to seriously affect the wear-life
of MoS 2-Sb 2O3 lubricants. All formulations containing Sb 203 suffered from

elevated temperature (480 °F, 249°C) curing processes. The amount of
degradation appeared to vary directly with the amount of Sb 203 present in
the formula .

Statistical evaluation of data gathered using the Falex tester , LFW- 1 and
• . (21)journal-bearing tester was conducted using step wise regression techniques

Results of these evaluations showed the preferred MoS2 to Sb 203 was 2 to 1
and that the preferred lubricazat to binder ratio was I to 1.

F ehr enbacher , MeG onnell , Pellerin, and Mecklenburg (23) reported

the use of a MoS2-Sb 203 mixture in producing sputter deposited solid film

lubricants. Results of their studies clearly showed antimony trioxide to

behave synergistically with MoS2 in solid film lubricants.

In 1973, Lavlk , Hubbell , and McConnell ( 24) made a unique contribution

to the understanding of synergism In solid film lubrication. They hypothesized

tha t in the process of establishing a lubricating transfer film, a low melting

oxide eutectic formed from MoO 3, Sb 203 and/or substrate metal oxides.

The formation of such a eutectic was envisioned to act as a binder in the

solid lubricant and to promote the bond between the lubricant film and the

9
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substrate. Although no direct evidence for the formation of such an oxide

eutectic Is presented , the role of oxygen In the formation of transfer films

is Implied from friction measurements made with a pellet teeter.

Subsequent testa~
24

~ using bonded solid film lubricants confirmed the
synergistic behavior of Sb203-MoS 2 mixtures and indicated that Sb 2S3 also
results in enhanc ed lubrication characteristics though not to the extent as is
observed with Sb2O3 additions.

2. 1 SUMMARY

In summary, available literature indicated synergistic behavior in

MoS 2 based solid lubricants I. observed with additions of graphite , several

inorganic sulfides, ZnO, B1203 and Sb 203. Antimony trioxide appears to

exhibit the greatest synergistic effects followed by Sb2S3, Bi 203. and ZnO.

Lubricant to additive ratios for optimum performance vary from 1 to 1 to 3

to 1 depending on other variables such ~e the resins used in forming resin

bonded solid film lubricants.

The vast majority of the investigations reporting enhanced lubricant

performance through the use of nonlubricating additives are oriented toward

the engineering of a bonded lubricant rather than the understanding of the

mechanism or mechanisms responsible for the improved lubricating proper-

ties of mixed lubricant systems. Only one theory- - oxide interaction- - has

been advanced in attempting to identify synergistic phenomena in solid film

lubricants.

10
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SEC TION III

PR OJECT ACTIVITY

Enhancement of the lubrication and wear properties of MoS2 solid film

lubricants resulting from addition s of nonlubricant phases such as Sb203,

Sb2S3, Bi 203, and ZnO may involve both chemical and mechanical effects.

Any att empt to identify the mechanism(s) resulting in the observed enhance-

ment must assess the consequences of these additives upon a number of funda-

mental phenomena. Purely chemical interactions between the lubricant, the

additive, the substrate, and environmental species must be investigated.

Likewise, purely mechanical effects such as particle packing, film shear

strength, etc., may be implicated. Most important, however , is the assess-

ment of mixed mechanical-chemical or tribochernical effects such as forma-

tion of a lubricant-additive reaction product of intrinsically lower coefficient

of friction , chemisorption of a surface film on the additive resulting in

reduc ed shear strength in the composite film, etc. These phenomena are

often subtle or intermediary and as such are most difficult to isolate experi-

mentally. Nonetheless, this study must consider them as critical to the

enhancement mechanism.

The general approach used in thi s study of synergistic additives has

been to first  search for gross alterations in the chemical and mechanical

behavior of MoS2 brought on by the addition of controlled amounts of additive.

Antimony trioxide was selected as the additive sinc e it is reported to give the

most pronounced effect. Mixtures containing 25 volume percent Sb 2O3 and

45 volume percent Sb203 were selected for study and to be compared to pure

MoS2. Results obta ined from these preliminary Investigations are then used

to Identify definitiv e experiments for isolation and identification of mechanico-
- I chemical effects. Owing to the complexity of lubrication and wear phenomena

each experiment has been designed to answer a specific question. In this way,

the role played by Sb 203 addition s may be Identified by alternative hypotheses.

11
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3.1 OXIDATION

Are the oxidation kinetics of MoS2 affected by the presence of Sb 203?

Both oxygen and water vapor have been shown to exhibit a pronounced

effect of the coefficient of friction and the wear life of MoS2 dry lubricants (25)

as well as on the establishing of good transfer films~
24

~. Lavik discussing the

work of Gansheimer ( 25) points out that in the Falex tester , energy input at the

frictional interfaces may be as high as 120 watts for a coefficient of friction

of 0. 10, a 1000 pound jaw load and a surface speed of 19 ft. per minute.

This should be sufficient energy to promote some chemical reaction in the

lubricant or between lubricant and substrate or lubricant and atmosphere.

• One might propose, therefore, that the lubrication and wear properties

of Sb 2O3/M0S2 mixtures are enhanced by some modification of the oxidation

kinetics. For this reason, thermogravinietr ic analysis of pure MoS2, pure

~~ 203~ 
25 weight percent Sb 203-75 weight percent MoS2, and 45 weight per-

cent Sb 203-55 weight percent MoS2 were carried out. Each powder was

analyzed in both dry and wet air . Wet air was produced by bubbling the dry

inlet air through a water bath at room temperature. All analyses were per-

formed In duplicate. The resulting thermograms are presented In Figures 1

through 6.

Figure 1 is the TGA thermogram for MoS 2. The initial weight loss

reaction occurs at 300°C and Is completed by 490°C. This corresponds to

the oxidation of MoS2 to MoO3. The observed weight loss - 10. 95% -
compares favorably with the expected weight loss of 10.08%. The second

reaction beginning at 655°C corresponds to the distillation of MoO 3 from the

TGA sample container. Melting of residual MoO 3 was observed at approxi-

mately 795°C.

Figure 2 shows the thermogram for pure Sb 203. Oxidation of Sb 203
to Sb204 or to Sb 3O5 would require weight grains of 5. 49% and 10.98%,

respectively. Instead, a weight loss reaction is observed starting at

12
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Figure 1. TGA of Pure M0S2.
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Figure 2. TGA of Pure Sb203.
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approximately 410°C. The total weight loss observed for this reaction is
approximately 22%. Reduction of or decomposition of Sb 203 to antimony

metal is ruled out because such a reaction would result In a weight loss of
only 16. 5%. X-ray diffraction studies of Sb203 heated to 600°C for twenty-
four hours showed the Sb203 to be oxidized to Sb204. Thus , the end product

of the reaction beginning at 410°C is an oxidation product of 
~~ 2O3.

• In an effort to explain the 22% weight loss which accompanies the

oxidation of Sb 203 to Sb204, several mechanisms were proposed. The ther-
mal properties of the various antim ony oxides show that 

~~ 203 melts at 655 C,

~~ z04 decomposes at 930°C, and Sb205 decomposes at 400°C. If one con-
siders a reaction in which Sb203 forms an un stable intermediate compound
which immediately decomposes, causing antimony to be lost from the sample,
the weight loss observed may be accounted for. One possible reaction might
be:

4
~~~z03 + 5/20z

_
~ 3~~~204~~~~b z05

1 
~ Z S b t +  5/20 2 t .

The calculated weight loss for such a reaction is 20. 9% which is in

fair agreement with the observed 21.7%. Additionally, the decomposition

temperature of Sb305 (400°C) is in good agreement with the observed 410°C

starting temperatur e for the reaction. Further TGA work and possibly iso-

thermal weight loss studies will be r equired to completely understand this

reaction.

A second weight loss rea ction in the Sb 203 thermogram was observed

to start at approximately 955°C and corresponds to the decomposition of

~~ z04.

Figures 3 and 4 show the thermograms for the 25% Sb 203-75% MoS2
mixture obtained In dry and in room temperature saturated air. Compari son
of the two thermograms indicates the presence of water vapor results in little

change in the thermal behavior of the mixture. Significant changes are

15 
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Figure 3, TGA of 25 Wt. ~ ~~z03
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observed, however, when the thermogram of the mixture is compared to that
of the pure constituents. First , the initial reaction is not a weig ht loss but
weight gain amounting to 0. 8 weight percent beginning at approximately 320°C.

At the present time thi s reaction is unexplained.

The second feature of significance In these thermograms is the weight

loss reactions beginning at approximately 370°C and ending at approximately

480°C. This weight loss appears to result from the oxidation of both MoS2
and Sb 2O3 but this has not been confirmed at this time. The total percent

weig ht loss at 480°C is only 9. 0 to 9. 5% compared to 13. 95% which, in
theory, is the weight loss that should be observed. Thu s , dis tinc t evidence

of chemical interaction between MoS 2 and Sb 2O3 is detected.

The weight loss reaction ending at 480°C is quickly followed by a

weight gain. At 600°C, the percent weight loss for the mixture is only 5. 25°’o

which is well below the 1 3. 95% predicted from data obtained for the pure

constituents. Further studies will be required to explain the obvious chemical

inte raction of these materials.

0The fina l reactions observed begin at approximately 660 C and 980 C

correspond to the volitalization of MoO3 and decomposition of Sb 204,

respectively.

Figures 5 and 6 show the thermograms obtained for the 45% Sb 203-
55% MoS

2
rnixture tested in dry and wet air. In : eneral , these thermograms

are very similar to those obtained for the 25~o 
~~ z03~

75% MoS2 mixture.

An initial reaction beginning at approximately 340°C and resulting In a 1. 6

weight percent weight gain is observed. The magnitude of this weight gain ,

being approximately double tha t observed In the 25/75 mixture indicates the

reaction most likely directly involves Sb 203.

Other significant observations in the thermogram indicate the wei ght

loss at 500°C and 600°C are far less than would be expected if no reaction

occurred between Sb203 and MoS2. Based on weight losses observed in pure

~~~~~~~~~~~~~~~~~~~~ T _ :.
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MoS2 and pure Sb 203, a 15. 83% weight loss would be expected at 500 and

600°C. In stead, weight losses of only 6. 5% and 5. 65% were observed at

those temperatures. Further study is required to explain these reactions.

The final reactions in the thermogram correspond to volitalizati on of

MoO3 and decomposition of Sb204 as was observed in previous studies.

In summa ry, TGA data indicates Sb203 interacts with MoS2 in the

temperature range 300- 600°C resulting in a pronounced alteration of the oxi-

dation behavior of MoS2. Further investigation., Including TGA in oxygen

free atmosphere and possibly sulfu r bearing atmospheres (SO2 or H 2S) as

well as isothermal weight loss studies are required if the exact nature of the

observed interaction MoS2 and Sb203 is to be fully understood.

3.2 NEW PHASE FOR MATION

What are the reaction products formed upon heating MoS 2/Sb 203
mixture?

Thermogravimetric analysis of Sb 203/M0S2 mixtures indicated inter-

action of the two powders resulting in weight losses far lass than predicted

from pure constituent data. In order to understand this interaction , a pre-

liminary study was performed In which the 25% /75% mixture, the 45% /55%

mixture, and pure M:S2 were lightly compacted into small pellets and heated

in air to 540 C ( 1004 F) for 16 hours. The role of water vapor In these

studies was ignored based on earlier TOA studies. The temperature of 540°C

was selected since It represents complete oxidation of MoS2 to MoO 3 as shown

• by TGA . Possible reaction couple. anticipated in this investigation included
- 

- MoS2 with Sb 203 , MoO 3 with Sb 203, and MoO 3 with Sb 204. Following heat-

ing, the sample. were examined with the scanning electron microac~’pe (SEM)

and by x- ray diffraction (XRD) .

In preparation of the reacted powder mixtures for analysis, significant

difference . were observed between the specimens. First , the shrinkage of

the powder compacts increased with increasing Sb 203 content. Second ,

21
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while the pure MoS 2 compact easily c rumbled following heating, the compacts

containing Sb 203 were found to be ha rd , dense p.1l.ts typ ical of st nt er ød

mater ials.

X-ray  diffraction studies of the oxt dLi~ed powders indicated that in every

pellet, MoS was oxidized to MoO 2 and Sb ,O 4 was oxidized to Sb 0 . No2 ~~~~~~~
. 2 4

Mo0 3-Sb 104 compounds were found.

The XRD data indicate no compound formation between MoS 2 and Sb 2 O~
when mixtures were heated In air. Add itionall y , computer refined lattice

parameters  indicated little or no solid aolublllty between the MoO 3 and Sb204.

• These data coupled with the qualitative observations regarding shrinkage and

densification of the oxides stron gly indicate the likelihood of the fo rmation of

a MoO 3~Sb ) O4 eutectic, Further  sinter ing studies and di f ferent ia l  thermal

analysis studies will be required to confirm this possibility.

Scanning electron microscope examination confirmed the macroscopic

observations made regarding the sinter ing of the oxide powder.. The pure

MoS 2 pellet oxidized to MoO 3 was still particulate in nature. Those pellets

containing Sb203 contained numerous Large~, dense grains.

In summary, two conclusions may be drawn from this experiment .

Firs t , the formation of an antimony- molybdenum compound is not observed

upon heating the sulfide- oxide mixture, The MoS 2 oxidizes to MoO s as was

anticipated while Sb 203 is oxidized to S1S204. Secondly, dons (((cation or

sintering was observed to occur during heating MoS2/Sb 203 mixtures and was
• not observed when heating pure MoS 2. The exact nature of the Mo0 3-Sb 204

interaction Is not fully understood at this time but merits further study due

to Its potential significance in MoS 2~
Sb

~ O3 synergism.

In order to fu r t he r  understand the effect  of Sb ) 03 on the oxidation

behavior of MoS2, a quant i ta t ive  inve st i gation was begun. Pellet. of pure

MoS 2. 75% MoS2 + 25% Sb 203 and 55% MoS2 + 45% Sb 203 wer e pressed at

172 MPa (25 , 000 psi) , at 345 MPa (co. 000 psi) , and at 690 MPa (100 , 000 psi) .

22 
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The height, diameter , and weight of each pellet were measured. The pellets

were then heated at various temperatures between 300°C and 600°C to study

the oxidation reactions occurring in that temperature range. Following

oxidation, the pellets were again measured and weighed, and to determine

the amount of oxidation of MoS2 and/or Sb2 03~ quantitative x- ray diffraction

studies were performed.

Table 3 summarizes the changes in volume, mass , and density observed

In the 300°C oxidation study. The significant results in these data are that

those pellets containing no Sb203 consistently lost weight where as those

containing the Sb2O3 additions all gained weight. Additionally, the pellets

containing 45% Sb203 additions underwent essentially no change in density.

This indicates that 5b203 acts to reduce the oxidation of MoS2 to MoO 3.

In order to confirm the apparent lack of oxidation of Sb 203 containing

pellets, quantitative x- ray dIffraction analysis was performed on the oxidized

pellets.

From x- ray diffraction theory, we know that the Intensity of the dif-

fracted x- ray. from a crystallographic plan (hkl) is a function of the volume

of material being irradiated. Specifically,

- 

10 C ~ ~ hkl V ( L- p)

hkl

where 1hkl is the intensity of the diffracted beam, I is the intensity of the

incident beam, C is an experimental constant , j Is thç multiplicity of planes

(hkl) , is the structure factor , V I. the volume scattering x- rays , (L- p)

is the Lorentz-polarlzation factor , and ~ is the linear absorption coefficient.

For a mixture of phases , it can be s hown that, If the linear absorption

coefficients of the phases in the mixture are equal, a linear relationship

between the intensity of any diffraction maximum, ‘hkl ’ and the volume fra c-

tion of that phase may be established. Thus , by determining the intensity ,

the volume fraction of the phase present in the sample may be

determined.

23
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TABLE 3
— PHYSICAL PROPERTIES OF OXIDIZED PELLETS

Forming Volume Mass Volume Mass Volume Mass
— Composition o oPressure As Pressed 300 C - 24 hr.. 300 C - 96 hrs.

100% M0S2 172 MPa 0.201 0.6325 0.209 0.6286
345 MPa 0. 172 0. 5940 ....* 0. 5758

0. 162 0. 5597 __ * 0. 5478
690 MPa 0. 148 0.5535 0. 155 0.5590

75% MoS2 - 172 MPa 0. 180 0. 5975 0. 181 0. 6028
Sb 0 345 MPa 0. 169 0.6144 0. 185 0. 636 3

‘U 3 3 0.164 0.5913 0.172 0.6066
690 MPa 0. 144 0. 5674 0. 144 0. 5697

55% M0S2 - 172 MPa 0.159 0.6035 0.160 0.6096

45°’- b o 345 MPa 0. 156 0. 5851 0. 160 0.6024
‘U S 2 3 0. 148 0. 5480 0. 151 0. 5615

690 MPa 0. 148 0. 5968 0. 149 0. 5996

Density Density Density
As Pressed 300 C - 24 hrs, 300 C - 96 hr..

100% MoS2 172 MPa 3.147 3.008
345 MPa 3. 453 --*

• 3. 455
• 690 MPa 3. 740 3. 606

75% MoS2 - 172 MPa 3. 319 3. 330
345 MPa 3. 636 3,, 23925% Sb 2O3 3.605 3 527
690 MPa 3. 940 3. 956

55% MoS2 - 172 MPa 3. 796 3.810
5fl

~ 
345 MPa 3. 751 3. 7654 10 Sb 2O3 3. 709 3.719
690 MPa 4. 0 32 4.051

* Specimen fragmented during oxidation.
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If , however , the linear absorption coefficients of the phase. in the

mixture are not equal, the relationship between volume fraction and Intensity
will not be linear. In these instances, which is the most common case, it is

necessary to use the internal- standard technique developed by L. E.

Alexander and H. P. Klug. Using this method , a series of mixtures of a

standard material and this phase of Interest are prepared, and va lues of

1hkl for the standard and 1h’ k’ 1’ for the phase of Interest are determined.
The ratio of the two intensities is then proportiona l to the volume fraction of

the phase being studied.

In this investigation, mixtures of MoS2 and MoO3, 75% (MoS 2 + MoO3)

+ 25% Sb2O3 and 55% (MoS 2 + MoO3) + 45% Sb 2O3 were prepared. Following

thorough mixing, the x- ray diffraction pattern for each mixture was deter-

mined. Specific diffraction maxima were selected and the ratios ,

1Mo52 1MoO3 1MoO 3
004 040 ~ 040

I I 
, , an~

1Sb2O3 1Sb2O3 1MoS2
400 400 004

were calculated and plotted against the volume fraction of MoO3. Unfortun-

Mo03 MoS2ately, with the exception of the 1040 / 1004 ratio , the calibration curves

were neither linear nor systematic. This was attributed to the extreme

preferred orientation problems inherent in working with layer structures

such as MoS2 or with highly acicula r crystals such as MoO 3. Numerous

unsuccessful attempts were made to circumvent the orientation problems.

X-ray diffraction patterns obtained for the MoS2 and M0S2 /Sb 203
pellets oxidized at 300°C, 24 hours and 96 hour s showed that in all pellets

containing Sb203, no MoO3 was detectable. From calibration

-~ curves , the approximate weight fraction of MoO3 present in the oxidized

MoS2 was 7 percent for the pellet pressed at 345 MPa . The apparent varia-

tion in amount of oxide formed with forming pressure is not understood.
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X- ray studies of the pellets oxidized at 600°C show that all MoS2 was

oxidiz ed to MoO3 
and that Sb203

, If present, was oxidized to Sb
2
O
4.

In summary, it has been shown tha t the presence of Sb203 inhibits the

oxidation of MoS2. This finding indicates a potential explanation for the

observed increase in the wear life of MoS2 solid film lubricants. The oxida-

- - tion of MoS2 
at the lubricant- substrate interface wilt lead to premature failure

of the lubricant film. Either prevention or retardation of this oxidation would

extend the life of the film. Further investigation of the oxidation process in

MoS2-Sb 203 mixtures is suggested in order to further delineate the mech-

anism by which Sb203 inhibits the oxidation of MoS2.

3.3 PELLET TESTER

Wh~ t surface chemical and morphological changes occur upon burnish-

ing MoS2/Sb 2O3 mixtures?

Result s of the oxidation studies of MoS2 and MoS2-Sb 2O3 mixtures

showed that the presence of Sb203 causes densification and sintering. In

order to attach any significance to these observations, the possibility of

densification and sinterin g occurring during mechanical burnishing should be

inves tigated. In addition, general changes in surface chemistry and compo-

sition during mechanical burnishing of powder mixtures must be characterized.

An instrumented PT- 300 pellet tester was set up and calibrated for a

387 gin loading condition. Pure MoS2 and the mixtures 25% Sb203/75% MoS2
and 45% Sb203/55% M0S2 were compacted into pellets at 172 MPa (25, 000

psi). The resulting pellets were lightly burnished by rubbing on a silk polish-

ing cloth so as to produce an identical and reproducible starting surface finish

on all pellets. A 440C stainless steel wear plate was utilized; the surface

cleaned for each test by polishing against 600 grit silicon carbide polishing

paper and rinsing in acetone. Each set of pellets were run for one hour at

500 rpm In laboratory air. The relative humidity was approximately 45%

during testing.
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It is emphasized that the intent of this experiment was not to measure

fric tion coefficients , although they were monitored In order to insure that

standa rd condition s were being met. Rather, the intent is to produc e a method

for controlled preparation of transfer films and rubbing surfaces. A major

requirement is to yield surfaces or films which are suitable for analytical

study.

Figures 7 and 8 present SEM micrographs for the pure MoS2 
and 45%

Sb
2
0
3
/55% MoS

2 
pellet rub surfaces before and after burnishing with the

pellet tester. The 100% MoS2 surface appears as a low density , granula r

surface. Densified regions, although present on the burnished surface, are

not generally in evidence. The 45/55 pellet by contrast, appears denser in

the before burnishing condition and significantly denser in the after tested

condition. This is especially evident in Figure 9.

Figure 9 shows a region of the 45/55 pellet in which a dis t inct ive dense

surface film has developed. Relatively large regions of the film, separated

• by cracks are apparent. A small tt lowlt density region is also present in the

micrograph and Is thought to result from the removal of the dense surface

film during testing or during preparation of the specimen for examination.

The chemical make-up of the pellet rub surfaces was determined by

Auger electron spectroscopy (AES) . Samples of each composition were

examined before and after burnishing. In addition, AES spectra were obtained

as a function of depth into the pellet from the rubbed surface.
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a) As Pressed, lOOX

b) 1 hr., 550 rpm, 100X

Figure 7. Wear Sur face of Pure MoS2 Pellet.
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a) A s Pr essed , 300X

b) 1 hr. , 550 rpm, 300X

Figure 8. Wea r Surface of 45 Wt. °O Sb 203- 55 Wt . % MoS 2 Pellet.
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b o x

Fi gure ~) . Wear  Sur face  of 45 \Vt.  Sb 203- 55 Wt. ~ MoS , Pellet.
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Analysis of Auger data was accomplished by measuring the height of

the principa l sulfu r , molybdenum, antimony, and oxygen Auger peaks. It was

felt tha t the ratio of the sulfur peak height to the molybdenum peak height

offered an excellent reference for comparison between samples since thi s ratio

should, theoretically, be independent of the presence of Sb 203 (1. e. assuming

a mechanical mixture) . Hence , any chemical effects induced by the presence

of Sb 203 may be borne by differences in the S/Mo ratio. Results are shown

In Figure 10.

As-pressed pellets gave a con stant S/Mo ratio of approximately 4. 2.

After sputtering the surface of the as-pressed pellets to an approximate depth

of 50 nm (500 R), the S/Mo ratio decreased to about 2. 3. It is emphasiz ed

that the observed S/Mo ratios were independent of Sb203 content in the as-

pressed pellets. Pellets burnished on the pellet tester gave S/Mo ratios of

7.8 for pur e MoS2, 6. 9 for the 25/75 mixture, and 5. 7 for the 45/55 mixture.

After sputtering approximately 50 nm, the S/Mo ratio for the burnished pellets

approached the same value as that for the as-pressed pellets, 2. 3.

Initial interpretation of these results suggested, ( 1) burnishing resulted

in concentration of sulfur at the rubbed surface, and (2) Sb 2O3 addit ion s in-

hibited this sulfur concentration. Under closer examination, however , it was

observed that the Intensity of the sulfur Auger peak was constant at all sput~
tering depths and that the molybdenum Auger peak was observed to increase
in height by a factor of 2. 5 to 5 times depending on the sajnp ie being tested.

This behavior Is unexplained at the present time and is receiving further

study.

Ancillia ry to the result . of the pellet tester , it was observed that the

pellet composition exerted a strong influence on the pressing characteristics.

For pure MoS
2 

pellets, maximum strength was achieved at high compacting

pressures ( 690 MPa, 100,000 psi). For the MoS2 (Sb2 (Sb 203 mixtures ,

however, the optimum forming pressures appear to be in the range of 105

to 210 MPa (15- 30, 000 psi). This clearly indIcates that Sb203 alters the
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particle packing characteristics of MoS
2. It may also suggest that Sb 203

aids in particle-particle cohesion in the compact. Additionally, the powder

packing characteristics may provide another means to assess the ability of

the lubricant mixture to form effective transfer films during burni shing.

Further study will be necessary to establish these relationships.

3.4 CONCLUSIONS AND FUTUR E WOR K

Results of investigations currently indicate :

f 1. Sb203 exhibits a pronounced effect on the oxidation behavior
of MoS2, especially in the temperature range of 300-600°C.

2. Sb203 or its oxidation product, Sb204, react with MoO 3 to
form a dense, sintered product.

3. Sb2O~ alters the morphology of the burnished pellet surface

and of the transfer film established with a pressed pellet.

4. Sb203 alters the chemistry of the burnished surface in

pellets subjected to friction testing.

As indicated earlier , further clarification is required to fully understand
some of the above observations.

The composition, chemistry, and morphology of the sliding interface

are controlled by dynamic equilibrium conditions. Hence , differ en ces in

chemistry and morphology of the transfer films reflect the role of Sb203
additions.

Future work must be conducted to answer the following questions

regarding the rol e of Sb203 additions in MoS2 lubricants.

1. Does the microstructure of the transfer film- -density,
morphology, strength, etc. - -vary significantly with Sb203 additions?
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2. Does segregation of Sb203 or Sb204 occur at the sliding inter-

face, or does Sb203 or Sb2O4 react with MoO 3 at the sliding interface, thereby

affecting the reactivity of lubricant surface with oxygen and/or water vapor?

3. What is the role of water vapor in the Sb2O3 enhancement of

MoS2 lubricants?

4. What changes in surface chemistry affect the lubricant pro-

perties of the MoS2 /Sb 203 film, esp. the role of sulfur?

In addition to characterization of transfer film chemistry and micro-

structure, a study should be made of the density and strength of powder com-

pacts made from Sb 203/MoS2 mixtures at different compaction pressures.

This study should attempt to model the effect of load upon particle packing.

Hopefully, it would also shed light upon the purely mechanical effects of

Sb203 upon transfer film formation.
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- . SECTION iv
FRIC TION TEST APPARA TUS

4. 1 ANA LY TICAL CONSIDERA TIONS

In the current study of synergistic mechanisms operatIng in the appli-

cation of solid lubricants , it is emphasized tha t analysts of test specimens

will requir e  the use of x- ray diffractIon analyeis (XRD), scann ing electron
microscopy (SEM) , electron microprobe ana lysis (EMP) , electron spectros-

copy for chemical analysis (ESCA), and Auger electron spectroscopy (A ES) .

The analytical techniques impose severe restrictions of the method by which

test specimens may be prepa r ed, for the specimen s mus t be flat , small in

area (10 sq. mm), and comparatively thin (2- 3 mm) . Analytical coneidera- -

•

tins also require that the lubricant be subjected to known stress of relatively

hig h order (100 , 000 to 200 , 000 psi) as the wear tests are performed.

4.2 DESIGN REQ U IR EMENTS

Along with accommodating the analytical considerations, the following

design requirements were specified:

1. Load: Infinitely variable - 0 to 200,000 psi.

2, Speed: Variable - 0 to 50 fpm.

3. Test Specimen Substrate: 52100 or 440 C stainless steel

hardened to 62 Rockwell C; fla t and thin~ test area apprâximat.ly 1” x 3” .

4. Environment: The apparatus must be operable in a controlled

environment such as inert gas , or spec ified conditions of temperature and

humidity.

5. The coefficient of friction must be continuously determinable

in order to terminate the teat at the time when breakdown occurs , or when

a specified level of friction is exceeded.
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6, On shutdown, the specimen must be removable and the test
area left intact for analysis.

7. Assembly and disa ssembly of the apparatus must be accom-
plished with ease by a qualified technicIan.

A survey of lubricant testin g devices In current use such as Fa lex,
LFW- 1, dual rub shoe, etc., revealed none which would adapt to the above
requirements. This determined the necessity for a new design.

4. 3 DESIGN D ESCRIPTION

4. 3. 1 DesIgn Components and Assembly

The design requirements were incorporated in the device shown
in Figure 1. A cross-sectional view is shown. The components, with accom-

panying figure numbers are as follows:

Item Name Figure
1 Support Arm 12

2 Piston (2 required) 13

3 Cylinder 14
4 Cover (2 requIred) 15

5 Mounting Block 16

H 6 Shaft I?
7 Disc 18
8 Bearing Mount 19

9 Mounting Plate 20

Referring to Figure 11, Support Arm 1 bolts to Mounting Block 5, which

is bolted to Mounting Plate 9. The Cylinder Assembly consists of Cylinder 3,
Piston(s) 2, and Cover(s) 4. This assembl y is bolted to Support Arm 1.
Bearing Mount 8 bolts to Mounting Plate 9, and Shaft 6 projects through the
bearing. Disc 7 is mounted on Shaft 6 and is retained by means of a nut.

36



-• -
~ :~~~~~~- —--- •--— -

~ 
—•- —--•-

~ 
U— ~~~~~~~~~~~~

-J
.4

I 
—

/7
‘1~: / ~~~ / :-~~~~~ ~~~ \ i

I ~r’ I
~~~~~~~~~~ / • •

~~

— -.---- - — - -  1il ~j +~~-i-~
~~~~~~~~

42

I

/__-

~~

-!j- ~~~~~~~~~~~~~~ // ,4~~~~d

\
\

~~~ ,,7E~i:~~~~~~n~~ 
~~~~~~~~~~~~~~~

‘

I H

_ _ _ _  F~~~~ 
‘.
~~ ~~~~~~ 

-

77 
= 

. f / /  // ~~~~~ ~‘~
—i:~;:- / / -

, / 1. ‘~
•
~~)

/
/ . 

- 
/S -

/
7 ,‘~ ,/ 

~

/

SS
~~~

/ ~~~~~

37 - -

~~~~:~~~~~~~~~~~ — ——-——-—.——S -’ — .-———-——- ~~~~~~~~~~~~~~~~~~~~



- .w-. - - •—•
~~~~~~~~~~~~ _ .-~: 

~~~~~~~~~~~~~~~~~~~~~~ 
—- —5- ---- --  -

— •. — . ~~~~~~~~~~~~~~~~~ -~~~----- , . - —

DR. THR U ( REA M FOR ~~—z &~ 
—

SLI P F~T OVCR ~~~~~~~ _____

P*LSS FIT is~J M4TIN( Rut -

4 flOLfS ~~~~ ~~

~ ~~~ 
-LT°

—~ r

~~~~~ ~‘i iiT I~I ,T ~~ :
#7

~~~
(. 20 THRU-4 PLACES

~~ 
‘— f —  ~ — . 359 DIA~ .I9O 0RCBUt~C- Z  PLACeS

• —- 2, 250 •~ -1

\~-.-1~--- ~ 375~~~~~~~~5

~ 2.00

,~DR. *t ,~ t~P

MATL ARMCO 17-4 P~i ~S I?.C 4 6—4 i ~ 
S J I ~~~ L’ “ I f ~~

PI~R r N O . 1

Figure 12. Support Arm.

38 

- - -- - - — ~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
•J _ _ _ _ _



1 5 - ’  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

• 

. 

- , ~ - — “  -

.932 * OOIOIA . f

~~~~~

MArL : 44 0C 5 TMNL~ SS
NOTt HI~RL)El4 7~

) L’OCIcWELL C ~2

PART NO. 2
5J DUELL ~) / 4/7’.

Figure 13. Piston (2 required) .

39



‘—5---- - ~~~~~~~~~ — — -~.-—---- •• .-- - 5 _•~~~~~~~ ,-5- • _S ~~~_.~~~
__ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~~~~ - . ‘7~~~ 
— 5— - - -  ~-

~ ci

I..’ r’J

I ?—.~ 
-‘.-‘~~~~J / ~

‘N,,

\ ) 5-,

I

~% H  I - ~..

4 ,~~~ I I I zI ~4 ’—

1~
_ _

H 
4 c ~~~.. 

r~~~~~JI-

~~~~~~ I I I

L..j L~ U< ~— 

~~~~~~~~~ 

I 
‘

~~~

‘

~~~~

a * ~~~~~~~~ 
,.e •

~L T t H~ /
/J ¶~~~~~I .LJ 

_ _ _ _

— -
~
-4

~
—
~~ ~~

1
~±_L_

~
” 

_ _ _

_ _ _ _ _ _ _ _ _  ___I
_ _  _ _  Li. - : 

_ _ ________ _______ ______ ____ ________ 
(‘54

I J E .j j 4 ~ ~~ /

~~~~I t - ~
-- - 

1

oo z

4n 

. • T _ . _~
_-__

~~~~~~
__ 

h-—- ~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

. - - .- - ~~~~~~~~~~~~~~~~~~~ 
—---——

~ ~~~t



~~~~~~~~~ - - - ‘ _ ‘ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
------5 

~~~~
_._.__•5-_J

~~~
’- ~~~~~~~~~~~~~ 

---5— - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . - 4- 

-

t -

ir25( 1495) DQ. A(.HOLES ~q SP—--

- 
-______ - / 8~~R~M OPP SIDE

_  

~~~~~~~, 
,.j

- J_J______ __-5- - I
® --

.181 ~~ t-’--j t7~O--- - A
—‘.-4 .5OO~-.’-

SEC TIOM A-A

PART NO 4-

MAIL ’ STEEL £340 Si  DUEL ’. •‘/“/7’

Figure 15. Cover (2 required) .

41

-- - ~~~~~~~~~~~~~ - -5. - - -



5- ~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ “  - .  -r~~~ 3
~~~r— --.-- ~~~ -.---~~ ______

r

~~~~~ 
1 M ~ DR~~ DOWEL, ~ 0(1 P bR.~ T~~ F~0~R NO. 10-32 LIMP, .~~

. DEEP

NATIN4 PA~ 4 frIO LtS

.3I2_

~~~~
j g

~~~L5OO--~~ .250

~ —2.0OO ‘.-.l • -

I ~
• I 

___________ 

jil IA 1•°°~~
’1

, ,
‘ I  I I

± 0005
2.5000

I I I I
• I I  

_ _ _

l.5OO—~ — .250
.312 _

f t8?
5~~ EL

MA TL ~O(.1 T~ 
AL 

— .  

}

375

PART NO. 5
•s .i i •

~uEL I I2ft ~/ 75
Figure 16. Mounting Blocks S -

5. . .- --—  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



———-5—,-- 
_ _ ,  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ - ‘~~~~~~~~~~~~~~~~~~~~ ““ -  :‘ -. -- . -, —~~~-~~--~--— . --~~ ..

• r

“.4 ~~4~~
. 

-J
0 I - -J

_ _  -

N0 >- “ I —
~~~~~~~~~~~ I)I-.

T 
-

~~~ 

_ _  

_ _I i 
L 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—5-

43

- . -~~~~~~~~~~~~~~
.

. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ - - -5 -~~ 5- •
~~~~ -- 

5-
~~~~~~

—- - —  . 

——~~~~~~—- -  -—5-- _____



-- . . T~~ ’5- ‘~~~~ ‘~“~~~ -~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ - -~~~ - -

— jr. —— _-... ~~~~~Ulrn.. .5-- ——5-s --~-

I
‘I

H.;

[IIJAI .0OI 
- 1— A -—- ]

-I------~. r 
~~~~~~ 

- 

~g .oo~J

‘
-5-

-
.

7 _  
_ _  _

4L

- 
* •.cv’

—— al • -—--.251 *002 ~‘a~j 1’-~---.l25

MIIT ’L 440 C JTAINL(SS PART NO. 7
HARDNESS RC~ 2 ~.J.DUELL. “/~m

Figure 18. DIsk.

44

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _________________ -5 
_ _ _ _ _



F.— - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
5- ---5*

~~~ 
—--5----— -— -—:— --

~~~
—- -

~

-5- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—

0z
—S

1~~
I

LLL~ H ~~~~~~~~~~~~~I -l r’----~-~”~ 
4;

I-

45

_______________________ _______



-- -5—- ’ .  
-- - - -~—. —,-r,, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ rr ‘WW’ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ --5—— - 5--—..-—

— -

~

- 5- - - - - - - • - •  —

• -

I______ 
_ _ _ _ _.

~~~

z
-

~~~~~ ~~~
-

I

I : 1
I ,,

~

y. 

~

00
~- -4.

I ._ ; ;~
. 

~~4

1
—_;

~~~/ ,— -
~

~~~

-~~~~~~~~ 0,..’cUa
~~~~~~$ L~~~~~~~

C• t_~~~ ~~~V~~~~~ *

-— _ J _,. ...S
-~~I ~~ s i ‘(

I N.  
~~~C~~~_

46

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 
. -5— 

- - - 5  

_—_-~~. _ _ ~___~~~~ - • ~.~_:::‘ --
~~ ~~~~



- 

!‘

4. 3. 2 Operation

I. The disk will be coated on both sides wIth the test lubri-

cant , and mounted on the shaft.

2. A variable speed motor (not shown) will be used to drive

the diak at a speed which gives the desired surface speed.

3. For loading, hydraulic pressure will be applied by means

of standa rd plumbing through port 1 of the support arm, and will be trans-

mitted simultaneously to the pistons through port s 3 and 4 of the covers  which

• are plumbed to port 2 of the support arm. Thus , ba lanced forces are applied

to the two sides of the disk.

4. As the disk rotates under this load , a turning moment is

exerted on the support arm.

a) By means of strain gages (not shown) mounted on the

four sides of the square section of the support arm and wired in a bridge

circuit to the appropriate circuitry, the strain in the support arm due to the

• torque can be need.

b) The strain gage transducer is to be calibrated so that

the magnitude of the torque is known, depending on the output of the strain

gage circuit.

5. The bore area of the cylinders is one square inch, thus

giving a direct relationship between the hydraulic pressure and the load

applied against the disk. Since the distance from the center of rotation to

the center point of load application is known (1. 375 in) , the coefficient of

friction between the disk and the nose of the piston can be found. In practice,

the breakdown of a lubricant is assessed on the basis of a specified percen-.

tage increase in the coefficient of friction after a test run begins.

— .
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4.4 DESIGN DATA

4. 4. 1 Design Features

The design incorporates the features specified in the require-

ments. By using the opposed pistons, the need to provide a thrust bearing to

handle the loading is eliminated. Perpendicularity, conc entricity, and para-

llelism are tightly specified on various features of the components. Doweling

of mating parts is used so that accurate assembly, onc e made , can be repeated

should disassembly be required. Hydraulic sealing is don e by means of o-

rings. Replacement of worn pistons is easily accomplished by removing the

covers and slipping the worn pistons out . With no pressure applied , the

pistons can move back to give clearance for removal and installation of the

disk. Flats on the shaft provide a wrench hold for tightening or removing the

nut which retains the disk. The overall size is such that the apparatus can

be readily mounted on a bench top or in an environmental chamber.

4. 4. 2 Hertzian Stress

Where a cylinder is loaded against a flat plate, the stress is

given by the equation:~
26

~

S = 0.798/ 2 2

~ 
D( 1

~~
’1 + l~~~ v2)

where, P = applied load , lb

- 

- 

D = cylinder diameter , in

E = modulus of elasticity, psi

V = p~j 5g~~~~5 ratio

I = cylinder length, in.

For thi s design,

v1 vZ O. ZS ,

= E2 = 30 x io
6
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D z 0. 25 In ,

I 1.O i n .

Using these values In Equation (1) , the loads required for various level, of
stress are:

Load P, lb Hertalan Stress, psi

247.0 100,000

353. 0 120 , 000

981. 5 200 , 000
I

Since the area of the cylinder bore Is one square inch , the load P is simply
the app lied hydraulic pros sure.

Equation (1) La , of course , applicable to elastic materials other
than those specified in this design. The piston s and the disk are relatively
simple parts to make , hence the design readily lends it self to the test ing
of solid lubricant. on a variety of materials , or combinations of materials .
which have modull of elasticity of Poisson ’ a ratios other than those specified
here.

4. 4. 3 Des ig~n of the Support Ar m

The material selected for the support arm Is Arrnco 17-4 P1-I
stainless steel, Rockwell C 46-48. Certain character is tics  of this material
make it preferable for the application ot~ strain gages. A consideration in
determining the dimensions of the a rm is the level of stress which occurs
at the surface when the bore throug h the a rm is subjected to hydraulic
pressure.  This stress must be kept as low as practicable because the

resulting strain Is sensed by the strain gages along with the s t ra in  due to
the torque. For calculating the s t ress  at the su r face ,  the a r m  was tr eated
as a thick-walled cy linder.  The appropriate equstion~

27
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a 2 p1
= 2 2 ~~~~ 

(2)
b - a  ‘., r i

where, = tangential stress , psi

a = inner radius in

b = outer radius, in
r = radial position (R = b in thi s case) , In

p~ = internal pressure, psi

Considering a possible pressure of 2500 psi, the section where the strain

gages will be applied was designed to be 3/4 in square with a 3/ 16 In diameter

• bore. Applying Equation (2) , the corresponding stress is:

333. 3 ~~~

With this stress level, the hydraulic pressure in the support arm will have

negligible effect when the strain due to the torque is sensed.

.11
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